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The human gut microbiota harbors three main groups of H,-con-
suming microbes: methanogens including the dominant archaeon,
Methanobrevibacter smithii, a polyphyletic group of acetogens,
and sulfate-reducing bacteria. Defining their roles in the gut is im-
portant for understanding how hydrogen metabolism affects the
efficiency of fermentation of dietary components. We quantified
methanogens in fecal samples from 40 healthy adult female mono-
zygotic (MZ) and 28 dizygotic (DZ) twin pairs, analyzed bacterial
16S rRNA datasets generated from their fecal samples to identify
taxa that co-occur with methanogens, sequenced the genomes of
20 M. smithii strains isolated from families of MZ and DZ twins,
and performed RNA-Seq of a subset of strains to identify their
responses to varied formate concentrations. The concordance rate
for methanogen carriage was significantly higher for MZ versus DZ
twin pairs. Co-occurrence analysis revealed 22 bacterial species-
level taxa positively correlated with methanogens: all but two
were members of the Clostridiales, with several being, or related
to, known hydrogen-producing and -consuming bacteria. The M.
smithii pan-genome contains 987 genes conserved in all strains, and
1,860 variably represented genes. Strains from MZ and DZ twin
pairs had a similar degree of shared genes and SNPs, and were
significantly more similar than strains isolated from mothers or
members of other families. The 101 adhesin-like proteins (ALPs)
in the pan-genome (45 + 6 per strain) exhibit strain-specific differ-
ences in expression and responsiveness to formate. We hypothe-
size that M. smithii strains use their different repertoires of ALPs to
create diversity in their metabolic niches, by allowing them to es-
tablish syntrophic relationships with bacterial partners with differ-
ing metabolic capabilities and patterns of co-occurrence.

hydrogen-consuming microbes | metagenomics | microbial genome
evolution | horizontal gene tranfer

H uman microbiome projects seek to determine how microbial
communities are assembled, maintained, and operate within
our various body habitats as a function of our different cultural
and socioeconomic conditions, family structures, stages of life,
genotypes, and physiologies. Culture-independent metagenomic
surveys have revealed that microbial communities cluster ac-
cording to body habitat but with considerable interpersonal var-
iation in bacterial species content (1), although differences are
smaller within rather than between families (2). The gut harbors
our largest collection of microbes, spanning all three domains of
life. Bacteria dominate, specifically members of the phyla Bac-
teroidetes and Firmicutes (2-5).

Monozygotic (MZ) and dizygotic (DZ) twin pairs provide an
attractive study paradigm for dissecting the relative contribu-
tions of host genotype and environmental exposures to shaping
the microbial and viral landscape of our gut microbiota (2, 6).
To date, bacterial 16S rRNA datasets indicate that adult MZ
co-twins share no more similarity in their fecal bacterial com-

www.pnas.org/cgi/doi/10.1073/pnas. 1000071108

munities than DZ co-twins, suggesting that shared environmen-
tal exposures likely play key roles in determining gut microbial
community composition (2).

Here, we extend these twin studies to examine Methano-
brevibacter smithii, the dominant archaeon in the human gut
microbiota (3). We address several general questions. First, to
what extent is the representation of Archaea influenced by host
genotype versus shared environmental exposures? Second, what
bacterial species, if any, co-occur with this hydrogen-consuming
methanogen? Third, how does the genome of M. smithii vary
within a co-twin, between co-twins, and across families?

Answers to these questions may have therapeutic implications.
Accumulation of hydrogen from microbial fermentation inhibits
bacterial NADH dehydrogenases, reducing the yield of ATP
obtained by primary fermenters and the short chain fatty acid
end-products of fermentation that can be absorbed by the host (7,
8). Thus, manipulation of the abundance of hydrogen consumers
or their metabolic activities could affect the efficiency of energy
harvest by the host. The human gut contains three major groups
of organisms capable of consuming hydrogen that could be tar-
geted: methanogenic archaea, acetogenic bacteria, and sulfate-
reducing bacteria (SRB). M. smithii is an attractive therapeutic
target not only because of its prominence among human gut-
associated Archaea, but because it has a lower H,-utilization
threshold than acetogens and, thus, is likely to be more efficient at
depleting H, from the gut environment. Acetogens are a meta-
bolically diverse group of microbes that are distributed among
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a number of bacterial phyla; many consume H, or formate and
CO; to generate acetate and ATP via the Wood-Ljungdahl
pathway. Sulfate reducers can also use H as an electron donor to
generate hydrogen sulfide (H,S) through anaerobic sulfate res-
piration. Desulfovibrio piger, a member of the 8-Proteobacteria,
appears to be the dominant SRB present in the human gut
microbiota (9). To consider the guild of H, consumers as a ther-
apeutic target, we must first identify which of their genetic and
metabolic features are conserved within and between individual
hosts and are therefore critical for fitness in the human gut. Un-
fortunately, in the case of M. smithii, tractable genetic systems are
not yet available for genome-wide screens of fitness determinants.

Thirty to fifty percent of humans are positive for methanogens
in the gut as measured either by breath tests (10, 11) or PCR
assays targeting mcrA (methyl coenzyme M reductase subunit
A, conserved in the methanogenesis pathway) (12). However,
whether and how host physiologic factors, such as gastrointestinal
transit time (13, 14) and BMI (15, 16), influence interpersonal
variation in the representation of methanogens remains unclear.
Methane excretion phenotyping of 274 Australian families con-
taining adolescent twin pairs indicated that environmental ex-
posures play a deterministic role in methanogen carriage, with
similar concordance and correlations between MZ and DZ
co-twins, and less concordance between parents and their off-
spring (17). As in other studies (18), more females than males had
positive methane breath tests. Studies of intergenerational trans-
fer of a positive methane excretion phenotype in rats demon-
strated the critical effects of environmental factors during the
weaning period; however, colonization through adulthood varied
between strains of rats (17), suggesting that host genetic factors
affect carriage.

In this report, we have characterized the representation of
M. smithii in adult rather than adolescent female MZ and DZ twin
pairs living in the United States, identified bacteria that co-occur
with this methanogen, compared and contrasted the genomes of
20 sequenced M. smithii isolates recovered from the frozen fecal
microbiota of MZ and DZ co-twins, and used RNA-Seq to per-
form whole genome transcriptional profiling of a subset of se-
quenced isolates under different growth conditions. The results
provide an expanded view of the diversity and adaptations of this
dominant archaeon to life in the human gut.

Results and Discussion

MZ Twins Have Higher Concordance for Gut Methanogens than DZ
Twins. We used a quantitative PCR (qPCR) assay of the mcrA
gene to measure methanogens present in single fecal samples
collected from 40 female MZ and 28 adult female DZ twin pairs
(age 21-31 y). All were born in Missouri, although at the time
they provided samples, only 29% were living in the same home
and some lived >800 km apart (2). Based on a health ques-
tionnaire, all were healthy and none had a history of gastroin-
testinal disease including irritable bowel syndrome. Sixty-one
percent were obese (BMI > 30) and 7% overweight (BMI 25-30)
at the time of sampling (2).

Thirty-two of the 136 individuals (23%) had levels of metha-
nogens above our threshold for confidently calling the fecal
sample “positive” (i.e., >4 x 107 genome equivalents per mg of
total fecal DNA), and this proportion did not vary significantly
by zygosity group (P = 0.59). The MZ twin pair concordance rate
for carriage of methanogens was 74%, a value significantly
higher than the DZ pair concordance rate (15%; P = 0.009 by
Breslow-Day test). In addition, there was a significantly higher
degree of correlation of methanogen levels between MZ pairs by
linear regression (* = 0.43, P < 0.0001) than DZ pairs (¥ =
0.04, P = 0.32), (Fig. 1 4 and B). Fecal samples were also col-
lected from 23 of the MZ twin pairs and 12 of the DZ pairs 2 mo
after the initial time point. Linear regression showed that time
point 1 and time point 2 samples were highly correlated for both
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Fig. 1. Correlation of methanogen levels in the fecal microbiota of MZ and
DZ co-twins. The presence and levels of fecal methanogens were defined by
gPCR assay that targeted the mcrA gene in samples obtained from MZ twin
pairs (A) (n = 40) and DZ twin pairs (B) (n = 28). Dashed lines represent 95%
confidence intervals for linear regression. (C) Correlation between mcrA
levels in fecal samples collected at two time points per individual (2-mo in-
terval between sampling). All axes in A-C are logqo (genome equivalents per
ng total DNA +1).

the presence of methanogens (* = 0.54, P < 0.0001; Fig. 1C) and
their levels. Neither carriage nor levels of methanogens was
significantly correlated with being overweight or obese in this
study population (P = 0.37 and 0.38, respectively).

Thirteen samples from the initial timepoint representing 4 MZ
twin pairs, 1 DZ twin pair, plus 3 other unrelated individuals that
were positive for mcr4 were chosen for sequencing of amplicons
generated by using the mcrA primers and previously described
archaeal 16S rRNA primers (n = 5-10 amplicon subclones/
primer set/fecal DNA sample). In 12 of the 13 samples,
M. smithii was the only sequence detected by mcrA or 16S rRNA-
directed PCR. In one MZ co-twin (TS17 in Dataset S1, Table
S1), 2 of 6 16S rRNA amplicons and 2 of 8 mcr4 amplicons matched
to Methanosphaera stadtmanae, a mesophilic euryarchaeota known
to be present in the gut microbiota of some humans (19); the
remaining amplicons generated from her fecal DNA matched to
M. smithii. Her co-twin (TS16) had no detectable methanogens.

We also examined fecal samples from 51 mothers in this study
for presence of methanogens and found a similar overall degree
of methanogen carriage in this population as found in their
daughters (31% and 25%, respectively). Concordance for car-
riage of methanogens between mother and daughter (i.e., the
probability that the daughter of a methanogen carrier was also
a carrier, 32%) was nonsignificant (P = 0.33).
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Co-Occurrence Between M. smithii and Bacterial Taxa. Our qPCR
results suggest that host genetic factors, including factors that
influence the representation of potential syntrophic partners,
may play a role in carriage of methanogens. In contrast, the study
of Florin et al. (17), which used methane breath tests, showed no
significant differences in concordance between young adolescent
Australian MZ and DZ twin pairs. The difference could be
explained if environmental factors play a dominant role in de-
termining whether methanogens are acquired early in life,
whereas persistent carriage in later life is determined by a variety
of host factors. Such factors range from human genotype to the
presence or absence of bacterial taxa that can collaborate or
compete with the methanogens.

A role for host factors in determining carriage of methanogens
is supported by previous studies of nonhuman primates.
Methanogens were present in the gut microbiota of some pri-
mate phylogenetic lineages but not others; however, these pat-
terns did not follow any identifiable features of gut physiology or
morphology, nor behavior or diet (20). Another study that ex-
amined the distribution of methanogens within the guts of 253
vertebrate species found “methanogenic branches” of the host
phylogenetic tree [i.e., branches containing ruminants (bovidae,
cervidae, giraffidae) and “nonmethanogenic” branches (felidae,
canidae, and ursidae)]. As with the primate study, the methane-
producing groups could not be distinguished from the methane-
negative groups based on their diets or features of their gut
structure/physiology (21).

To understand whether methanogen carriage might be de-
termined, in part, by the presence or absence of bacterial taxa
that can collaborate or compete with the methanogens, we in-
vestigated co-occurrence patterns between methanogens and
sulfate-reducing bacteria (SRB). SRB, which can use H, as an
electron donor to generate hydrogen sulfide (H,S) through an-
aerobic sulfate respiration, may show positive associations with
methanogens if a hydrogen economy is more important in some
individuals than others, or negative associations due to compe-
tition for H,. Positive associations between SRB and metha-
nogens might also occur because of syntrophy, because some
methanogens and SRB can grow syntrophically on lactate, with
the methanogen removing H, generated by the SRB (22, 23).
Therefore, we determined whether SRB and methanogens had
nonrandom codistribution patterns by SRB-directed gPCR as-
says of 87 fecal samples from the MZ and DZ twin pairs. The aps
gene encodes adenosine-5'-phosphosulfate reductase, a key en-
zyme that catalyzes activation and then reduction of sulfate to
sulfite (24). We chose aps as a target for a qPCR assay that used
previously described and validated primers (25). Forty-five per-
cent of the samples were positive for SRB (threshold of de-
tection defined as ~4 x 107 genome equivalents per mg of fecal
DNA). The concordance rate for sulfate reducers was not sig-
nificant for either MZ or DZ co-twins (31% and 27%, Dataset
S1, Table S1). A logistic regression was performed to determine
whether a higher level of mcrA is predictive of the presence of
aps or vice versa. No statistically significant relationship was iden-
tified in either comparison (P = 0.10 and 0.07).

We also performed a general search for bacterial Operational
Taxonomic Units (OTUs) that had positive or negative associ-
ations with M. smithii, using sequences generated from multiplex
pyrosequencing of the V2 variable region of bacterial 16S rRNA
genes from these same fecal samples (2). The raw sequences
from this prior study were now processed by using the PyroNoise
algorithm to remove sequencing noise (26), as implemented in
QIIME (27). Using UCLUST (28), the denoised sequences were
further divided into OTUs that each shared >96% nucleotide
sequence identity (a value slightly more permissive than the 97%
ID threshold typically used to denote a microbial species). The
most abundant sequence within each of the resulting 12,833
OTUs was then selected as a representative of that OTU. Be-
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cause some of the individuals in the study were sampled multiple
times, we randomly selected one sample per individual. For each
of the 607 OTUs that were found in at least 10 of the samples for
which we had mcr4 qPCR data, an ANOVA was performed to
determine whether the OTU relative abundance was significantly
different in methanogen-positive and -negative individuals. We
also checked for associated presence/absence patterns by using
the G-test of independence (an OTU was scored as present if it
was observed one or more times). The resulting P values were
corrected for multiple comparisons by using the Bonferroni cor-
rection (multiplied by 607; the number of comparisons) and the
false discovery rate (FDR) method (multiplied by the number of
comparisons divided by the P value rank).

Twenty-two OTUs had significantly different relative abun-
dances in mcrA-positive versus negative individuals (P < 0.05
using ANOVA with the FDR correction). Of these 22 OTUs, 21
were more abundant in samples where methanogens were pres-
ent, whereas one OTU was less abundant. The G-test identified
five significant OTUs (P < 0.05 with FDR correction), and 4 of
these 5 were also significant as judged by ANOVA. All G-test—
identified associations were positive. Thus, the two statistical tests
together identified 22 positively associated OTUs (Dataset S1,
Table S2) and one negatively associated OTU.

To investigate the phylogenetic relationships of these OTUs
to each other, and to bacterial isolates and lineages with known
biological properties, we used parsimony insertion to add a rep-
resentative sequence for each significant OTU into the Green-
genes coreset tree (29) in the Arb software package (30). Because
the closest relatives of the OTUs were mostly from other culture-
independent metagenomic studies, we also inserted 16S rRNA
sequences into the tree that were from well-characterized bacteria,
including 16S rRNAs from fully sequenced genomes deposited in
KEGG or sequenced through the Human Gut Microbiome Ini-
tiative (HGMI; http://genome.wustl.edu/genomes/list/human_gut_
microbiome/), and 16S rRNA sequences from related organisms
with known properties that were identified by using BLAST
searches against the National Center for Biotechnology Infor-
mation nonredundant database. To look for evidence of whether
relatives of the OTUs were capable of growing in pure culture,
we also BLASTed the 16S rRNA sequences against sequences in
the RDP (31) that were marked as being from cultured bacterial
isolates.

Remarkably, 20 of the 22 positively associated OTUs were
members of the class Clostridiales (Firmicutes phylum). These 20
OTUsbinned into five broad groups that were scattered throughout
the class, including members of the three main clusters found in
the human gut (clusters I, IV, and XIVa).

The group most positively associated with M. smithii was a lin-
eage within Clostridia cluster IV that contains members of the
genera Oscillospira and Sporobacter (Dataset S1, Table S2; note
that this group had the four most significant OTUs according to the
ANOVA test). Two of these OTUs are highly related to Oscil-
lospira guilliermondii, an as yet uncultured, large, and morpholog-
ically conspicuous organism found in ruminants (32, 33). The most
closely related cultured isolate that we could find for any of these
OTUs is Sporobacter termitidis, a hydrogen-consuming acetogen
from the termite gut (34).

Two of the positively associated OTUs are members of Clos-
tridia cluster XIVa. The closest isolate with a sequenced genome
was Blautia hydrogenotrophica, a hydrogen-consuming homoace-
togen from the human gut, although the percent identity across the
lanemasked V2 region was low (89-93%) and more closely related
organisms to B. hydrogenotrophica are known not to be acetogens.
Whether the Sporobacter and B. hydrogenotrophica-related OTUs
are acetogens cannot be determined by using 16S rRNA sequen-
ces alone, because acetogenesis is only inconsistently associated
with 16S rRNA-defined phylotypes (35). However, the relation-
ship suggests that some OTUs may co-occur with methanogens
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because they are homoacetogens and have a shared preference
for hydrogen. Nonetheless, the OTU most related to B. hydro-
genotrophica in this analysis (99%ID) did not show significant
co-occurrence with M. smithii (uncorrected P value = 0.38), in-
dicating that not all homoacetogens in the human co-occur with
M. smithii because of this preference for hydrogen.

Because members of the SRB can produce and consume H,, we
were specifically interested in OTUs in the dataset that were in
this group. Eighty-two of 281 fecal samples (29%) from the 16S
rRNA analysis of these twin pairs (including additional fecal
samples for which we did not obtain mcrA4 data) (2) had OTUs
that were within the SRB clade (Fig. S1B). The actual prevalence
of SRB is likely higher, because the samples were not exhaustively
sequenced. Phylogenetic comparison indicated that these OTUs
represented Desulfovibrio piger in 41 (14.6%) of the samples,
Desulfovibrio desulfuricans in 10 samples (3.6%), and an addi-
tional taxon (1908) in 38 samples (13.5%) that was only distantly
related to cultured isolates (Dataset S1, Table S2 and Fig. S1).
Although significant associations were not detected with the
SRB-specific qPCR, OTU 1908 showed a significantly positive
association with methanogens (Dataset S1, Table S2). The
abundant OTU representing D. piger (OTU 12050) did not have
statistically significant co-occurrence with methanogens (Fig. S1),
and the three different types of SRB did not significantly co-occur
with each other. The differing distribution patterns of the three
different SRB species, coupled with the smaller number of fecal
samples for which we had aps compared with mcr4 qPCR data,
likely contributed to our inability to detect a significant associa-
tion between methanogens and SRB with the aps qPCR assay.

The concentration of H; in the gut lumen can vary over a wide
range in healthy individuals (from 0.17% to 49% in a study of 11
subjects; ref. 36). Levels of H, in the distal gut reflect the dy-
namic interplay between microbial production and consumption.
One of the co-occurring groups within the Clostridiales may
produce abundant amounts of hydrogen. Specifically, two of the
positively associated OTUs in the Clostridiales family mapped to
a clade that included isolate Rennangqilyf3, which was recovered
from activated sludge by using a procedure designed to retrieve
bacteria with particularly high yields of hydrogen (37). This
isolate performs ethanol-type fermentation with glucose as an
optimal carbon source for hydrogen production; however, its
hydrogen production capacity varies with hydrogen concentra-
tion and pH. Thus, methanogen (M. smithii) abundance may be
in part regulated by the presence of bacterial lineages that are
efficient hydrogen producers. To our knowledge, no cultured
isolates are available for members of this lineage from the gut.

Some of the OTUs that are positively associated with metha-
nogens are quite distant from any cultured relatives (ribotypes):
This observation is intriguing, because it suggests that syntrophic
relationships may inhibit them from growing in monoculture.
For example, four OTUs grouped in a clade of the Clostridiales
family that is dominated by relatives identified in culture-
independent studies of cellulose-degrading gut environments
where methanogens also reside (e.g., termite gut and cow rumen)
(Gut Clone Group; Dataset S1, Table S2 and Fig. S14). The
closest organism with a sequenced genome was only very distantly
related, with a 78-86%ID over the lanemasked V2 region of
rRNA. A BLAST search against the cultured component of the
RDP revealed one successful attempt to culture a relative of one
of these four OTUs (95%ID) from the forestomach of the kan-
garoo (38). However, this cultured isolate was much more distant
from the other three co-occurring OTUs in this clade, and there
are no reported cultured relatives for any of these four OTUs
from the human gut. Three co-occurring OTUs fell within the
Catabacter lineage. The closest cultured isolate, Catabacter sp.
YIT12065, is only 82-92% identical to these co-occurring OTUs;
very little is known about this isolate’s biology. The presence of
obligate syntrophs for methanogens in the human gut would not
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be surprising, because they are known to exist in other environ-
ments, such as sludge (39, 40).

Unfortunately, the lack of cultured relatives for these OTUs
limits our ability to more fully interpret the co-occurrence results,
because we lack knowledge about their biological properties.
Targeted attempts to culture gut bacteria in the presence of M.
smithii as well as targeted attempts to obtain and sequence their
genomes from mixed populations should help to elucidate their
functional relationships with human gut methanogens.

Analysis of the Pan-Genome of M. smithii. We reasoned that one
approach for further characterizing factors that affect M. smithii
colonization of the human gut would be to develop a method for
isolating strains from frozen fecal samples obtained from twins and
their mothers, sequencing their genomes, and performing RNA-
Seq to evaluate strain-level variations in patterns of gene expres-
sion during growth under varying levels of hydrogen and formate.

The method we developed for recovering M. smithii from fro-
zen fecal samples is described in SI Methods. A total of 20 strains
were isolated from two families: one consisting of a MZ twin pair
and their mother and the other a DZ twin pair and their mother
(n = 2-5 strains isolated and sequenced per individual). Deep
draft genome assemblies were generated by using reads produced
by Illumina GA-IIx and 454 sequencers. Dataset S1, Table S3
describes the details of genome coverage and of the assembly
statistics. Assembled genomes were aligned by using Mauve (41),
which iteratively reordered contigs based on the finished genome
sequence of the M. smithii type strain PS (42). Dataset S1, Table
S3 also provides information about previously generated, deep
draft assemblies of the genomes of two other M. smithii type
strains obtained from culture collections (42).

On average, any two strains shared 92.96 + 6.5% of their single
nucleotide polymorphisms (SNPs) [129,112 + 6,322 (mean =+
SD)]. A binary table of the presence or absence of a SNP was
subsequently generated, a distance matrix was calculated, and a
principal components analysis (PCA) was performed (Fig. S2 4
and C). The PCA showed that strains from the same individual and
strains from co-twins clustered together. Both MZ and DZ
co-twins shared significantly more SNPs in their strains than with
strains from their mothers or unrelated individuals (Fig. S2B).

Genes were identified by using Glimmer (v3.02) trained on
contigs >500 bp in each of the 20 sequenced M. smithii isolate
genomes, plus the PS type strain and the two other M. smithii
isolates we had sequenced. Genes in all 23 genomes were binned
by using the program CD-HIT and its default parameters (>90%
nucleotide sequence identity over of the length of the shorter
gene in each pairwise comparison; Fig. S3) into “operational
gene units” (OGUs), a term we use in a way that is analogous to
OTUs. If any predicted gene from an assembled genome was
present in a given OGU bin, that OGU was called “present”
within that genome (43). Functions were assigned to predicted
proteins encoded by each gene by using the KEGG and STRING
databases; Pfam and TIGRFAM annotations were also made.
Note that all predicted protein-coding sequences <300 nt were
filtered out and not considered in the analyses reported below.

Rarefaction analysis to determine the rate at which sequencing
the genes of new strains revealed new OGUs showed that the
number of new or unique OGUs identified begins to plateau by
the time ~6 strains were sequenced (~10,000 genes) (Fig. S4 4
and B). A total of 987 OGUs were present in all 23 strains
(34.7% of 2,847 identified OGUs), whereas 1,532 (53.8%) were
found in more than one strain but not all, and 328 (11.5%) in
only a single strain (Fig. S3 4 and B).

PCA of OGU assignments showed clustering of strains based
on family of origin: Strains from MZ family members (TS94-96)
generally clustered together, whereas strains from the DZ family
(TS145-147) split into two groups (Fig. S3C). Further pairwise
comparisons of the degree of sharing of OGUSs in strains showed
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that strains within an individual and within MZ and DZ co-twins
shared significantly more OGUs than strains from the co-twin’s
mother or from unrelated individuals. Moreover, the degree of
sharing of OGUs was not significantly different between MZ and
DZ twin pairs (Fig. S3D). As noted above, MZ twins have
greater concordance for carriage and levels of methanogens in
their fecal microbiota than DZ twins. The fact that the se-
quenced strains are no more similar between MZ co-twins than
DZ twins suggests that although shared environmental exposures
to methanogens direct which strains are found in an individual’s
gut, long-term persistence is influenced by a combination of host
and microbial genetic factors.

We used KEGG to assign enzyme commission (EC) numbers
to genes in all of the isolates’ genomes. A total of 412 ECs were
identified: 349 were shared by all strains, 63 were variably rep-
resented, and 18 had significant differences in their representa-
tion between strains as judged by binomial test (Fig. S5D). These
discriminatory ECs include (i) several restriction enzymes, (i)
two peptidases [a serine protease known as Do, HtrA, or DegP
(44) that may protect against heat-stress and unfolded proteins
and endopeptidase La (45)], both of which may be related to
quality control in protein folding, and (iii) tRNA-guanine
transglycosylases (involved in the anti-codon modification of
tRNAs specific for Asn, Asp, His, and Tyr) (Fig. S5 B-D).

Genes assigned to COG M (cell envelope biogenesis/outer
membrane) were prominently represented in the variable com-
ponent of the pan-genome (Fig. S54). Variability in surface
proteins may directly impact the fitness of M. smithii strains in
vivo, including their ability to adhere to host structures, or to in-
teract with syntrophic partners. For example, all of the M. smithii
strains contain the six genes involved in synthesis of pseudaminic

acid structures related to sialic acid molecules expressed on host
cell surfaces. The resulting surface epitopes are thought to play
a role in the adaptation of M. smithii to the gut environment by
mimicking the sialic acids that decorate the surfaces of host epi-
thelial cells (46). Adhesin-like proteins (ALPs) are a novel class of
proteins with homology to bacterial adhesins that were first
identified in the M. smithii type strain. They are also hypothesized
to play a role in adaptation to the gut environment (42). The 23
sequenced strains contain a total of 101 ALP OGUSs (average 45 +
6 ALP genes per strain): Only six were present in all strains. ALP
sequences are quite divergent in terms of their domain structure:
e.g., many have intimin domains, which in Escherichia coli mediate
binding to intestinal epithelial cells; others have pectate lyase
domains and/or parallel p-helix repeats that are often found in
enzymes with polysaccharide substrates.

To better understand genomic differences among M. smithii
strains, we searched the M. smithii pan-genome for evidence of
horizontal gene transfer (HGT) (see SI Methods for details of
compositional- and phylogenetic-based analyses of HGT). The
results, described in ST Results and summarized in Dataset S1, Table
S4C show that HGT has contributed to both the core and variable
elements of the M. smithii pan-genome. They include core genes
involved in methanogenesis and folate biosynthesis; e.g., both com-
positional- and phylogenetic-based methods revealed transfer of
genes encoding THMP methyltransferase C subunit (EC 2.1.1.86),
formate dehydrogenase (EC 1.2.1.2), and formylmethanofuran de-
hydrogenase subunit F (E.C. 1.2.99.5) (Dataset S1, Table S4B). Note
that the early steps in synthesis of methanopterin, a C1 carrier co-
enzyme involved in the methanogenesis pathway (Fig. S6), are
the same as those used for generation of folate (Dataset S1, Table
S4B). In addition, between 52% and 65% ALPs show evidence of
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Fig. 2. Normalized RNA-Seq reads assigned to the gene encoding an ammonium transporter (AmtB) and ECs involved in ammonia assimilation. (A) Overview
of the two pathways of M. smithii for assimilating ammonia: The energy-dependent glutamine synthetase-glutamate synthase pathway has high affinity for
ammonia (red arrow); an ATP-independent pathway has lower affinity (orange). (B) Strain-specific differences in the relative expression of components of the
high affinity GIn pathway and the energy-independent low affinity pathway for ammonia assimilation. Mean values + SEM are plotted. Colors represent
components of the two pathways shown in A; color codes are coordinated between A and B. (C) Strain-specific differences in levels of expression of amtB.

P < 0.0001 by one-way ANOVA.
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transfer: Large-scale HGT of ALPs would be consistent with their
variability among strains (Dataset S1, Table S64).

Expression Profiling of M. smithii Strains by RNA-Seq. We used
RNA-Seq to profile the transcriptomes of five of the M. smithii
isolates: One from each member of the MZ family, one from
each of the DZ co-twins, plus the PS type strain. The five strains
from the two families were chosen because SNP, OGU, and EC
analyses indicated that these isolates were representative of the
strains from their human hosts, and because they exhibited
consistent patterns of growth on MBC medium containing 2.8 or
44.1 mM formate, a substrate for the first enzyme involved in
the methanogenesis pathway, formate dehydrogenase (EC 1.2.1.2
in Fig. S6B). Triplicate cultures were grown to midlog phase in
medium with either low or high formate concentrations under
an atmosphere that contained 80% hydrogen. Total RNA was
extracted, structural RNAs were depleted (SI Methods), and
double-stranded cDNA was synthesized and sequenced with an
Illumina GA-IIx instrument (36-nt reads; 3—4 million reads per
sample, with each biological triplicate sequenced twice as tech-
nical replicates). Reads were normalized to reads per kilobase
per million (RPKM) and mapped back to each strain’s own
reference genome. At midlog phase, the number of protein-
coding genes with >10 mapped mRNA-derived reads varied
from 1,594 to 1,782 (89-97% of all CDS) among the 5 strains
(Dataset S1, Table S54). When we compared the 987 OGUs that
comprise the conserved core of the M. smithii pan-genome to
31 sequenced methanogens associated with the human gut (M.
stadmanae), cow rumen (M. ruminantium) or various environ-
mental habitats, 55 OGUs were identified as unique to M. smithii
(Blastp threshold E < 107'%), of which 42 encoded predicted
conserved hypothetical or hypothetical proteins (Dataset S1,
Table S5C). At the depth of sequencing achieved, RNA-Seq
indicated that 34 of these 42 hypothetical genes were expressed
in midlog phase in the PS type strain (Dataset S1, Table S5C).

We subsequently compared the phenotypes of strains based on
normalized expression of each gene encoding each EC. Examin-
ing the gene expression data across functional groups allowed us
to compare strains: The results revealed that no gene family was
consistently regulated by formate across all strains. To identify
genes significantly regulated by formate in each strain, we first
analyzed normalized reads with CyberT. We used two criteria for
determining significance in regulation: a posterior probability of
differential expression (PPDE) threshold >0.97, and a >2-fold
difference in expression (either direction) when a given strain
was incubated in low versus high levels of formate (Dataset S1,
Table S7).

All of the genes in the methanogenesis pathway illustrated in
Fig. S6B were expressed in all six strains. Nonetheless, several of
the genes in this pathway exhibited strain-specific differences in
their levels of expression including EC 1.5.99.9 (F420-dependent
methylene tetrahydromethanopterin dehydrogenase) and EC
1.5.99.11 (5,10-methylenetetrahydromethanopterin reductase). Co-
balt, an important cofactor for some of the enzymes in the metha-
nogenesis pathway, is translocated by an ABC transporter: Com-
ponents of the transporter exhibited formate-responsive behavior
in the PS type strain and in the strain from one of the DZ co-twins
(TS145) but not in the strains from her sister or mother (Dataset
S1, Table S7).

Looking beyond the methanogenesis pathway, none of the genes
encoding ECs in the M. smithii pan-genome satisfied our criteria
for being responsive to differences in formate levels in the medi-
um at midlog phase in all strains. However, as with components
of the methanogenesis pathway, some exhibited strain-specific
differences in formate sensitivity e.g., in strain METSMITS145B
(from DZ co-twin 1) genes encoding the subunits of MtrH (EC
2.1.1.86; tetrahydromethanopterin S-methyltransferase) were up-
regulated in high formate, whereas in strain METSMITS146E

4604 | www.pnas.org/cgi/doi/10.1073/pnas.1000071108

(from the sister of DZ co-twin 1) they were down-regulated (see
Dataset S1, Table S7 for additional examples).

M. smithii uses ammonia as a nitrogen source via an energy-
dependent glutamine synthetase-glutamate synthase pathway,
which has high affinity for ammonia, and a ATP-independent
pathway with lower affinity (Fig. 24). Both pathways are expressed
in all strains, with 0.4-1.21% of reads mapping to enzymes in-
volved in assimilation of ammonia. The energy-dependent GInA
pathway is generally expressed at a much higher level than the
low affinity pathway, although strain-specific differences in levels
expression were noted. With few exceptions, such as the genes
encoding EC 1.4.1.4 and EC 1.4.1.13 in strains METSMITS145B
and METSMITS96A, components of both pathways failed to
exhibit a significant difference in their levels of expression in any
of the strains as a function of formate concentration. Another
exception was the ammonium transporter (AmtB) (Fig. 2 B and C
and Dataset S1, Table S7).

Using our threshold criteria for formate-responsive expression,
four of the six strains were defined as having genes that were
sensitive to levels of this compound. Dataset S1, Table S7 lists the
9 genes present in type strain PS, the 340 genes in the strain re-
covered from the mother of the DZ co-twins (TS145), the 23 genes
in the strain isolated from one of her daughters (TS146), and the
81 genes in the strain from the mother of the MZ twins (TS96).
Intriguingly, no genes were identified in strains from MZ twins of
this mother (TS94, TS95) that exhibited significant formate re-
sponsiveness. The core component of M. smithii’s pan-genome
contained no genes that met our criteria for formate-responsive
behavior in every isolate.
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Fig. 3. Differential expression of M. smithii adhesin-like proteins (ALPs).
Members of selected ALP OGUs with strain-specific differences in their ex-
pression profiles (A) and strain-specific, as well as OGU-associated, differ-
ences in their sensitivity to levels of formate during midlog phase growth
(B). OGUs 112, 412, 827, and 208 exhibit strain-specific differences in their
expression irrespective of formate concentration (one-way ANOVA, P <
0.0001), whereas OGUs 226, 287, 18, 133, and 37 contain at least one rep-
resentative that is significantly regulated by formate concentration. Mean
values + SEM are plotted (n = 6 replicates per condition). * indicates a >2-
fold difference, PPDE > 0.97 (Dataset S1, Table S7).
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The utility of using formate to identify strain-specific pheno-
types is best illustrated by ALPs. As noted above, each sequenced
strain contained a distinctive repertoire of genes encoding ALPs,
with only 6 ALP OGUs shared by all isolates. ALP OGUs 112,
208, 412, and 827 are encoded by genes present in 4-6 of the
strains: None of the genes are formate-responsive but members of
each OGU exhibit strain-specific differences in their levels of
expression (levels of expression are also notably different between
ALP OGUs). OGUs 18, 37, 133, and 226 show strain-specific
differences in their representation, strain-specific differences in
their levels of expression, plus within-OGU differences in their
formate sensitivity (Fig. 3).

Prospectus. These results lead us to hypothesize that M. smithii
strains use their different repertoires of ALPs and the different
sensitivities of ALP genes to formate to create diversity in their
physical locations and/or their metabolic niches within the gut.
Stated another way, these variations in expressed ALP repertoires
could have important effects on the ability of different strains to
establish syntrophic relationships with bacterial partners that
have different abilities to generate formate or other substrates, or
that have differing patterns of co-occurrence within an individual
over time and between individuals. To further explore this notion,
it will be important to define the structures of representative
members of different ALP clusters through an M. smithii-directed
structural genomics effort: Selection of ALPs could be guided by a
number of criteria, including their strain distribution and their
patterns of expression, both in vitro in monoculture in the presence
of a variety of potential substrates for their metabolic networks,
and in vivo in gnotobiotic mice containing various collections of
sequenced M. smithii isolates and available cultured co-occurring
bacterial taxa. The interactions between isolates and co-occurring
bacterial species can also be explored in vitro if cocolonization of
gnotobiotic mice proves to be problematic either because of dif-
ficulty in identifying suitable host diets or strains that are fit in the
mouse gut (e.g., we have not yet been able to achieve persistent
colonization of gnotobiotic mice with any of the five strains char-
acterized in vitro by RNA-Seq after inoculating all of them to-
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gether with a consortium of human gut-derived members of the
Firmicutes, Bacteroidetes, and Proteobacteria that include sac-
charolytic bacteria and hydrogen producers and consumers). A
complementary approach will be to select taxa for these in vitro
and in vivo studies by predicting potential syntrophic relationships
through in silico metabolic reconstructions of the metabolic net-
works of sequenced co-occurring species and M. smithii isolates,
using methods described by Borenstein et al. (47).

Methods

Genome Sequencing. M. smithii strains are isolated and grown by using the
procedure detailed in S/ Methods. Genomic DNA was sequenced with
an lllumina Genome Analyzer lIx instrument (36 base read lengths; 3.5-29
million reads per strain), and a 454 pyrosequencer (Titanium chemistry;
27,844-449,545 reads per strain). Reads were assembled using Velvet (48) for
Illumina reads and Newbler v2.3 (Roche) for 454 reads. Hybrid assemblies
were generated by using AMOS minimus2 (http:/sourceforge.net/apps/
mediawiki/amos/index.php?title=Minimus2), producing draft assemblies
with on average 55 contigs, N50 contig lengths of 103,633 nucleotides, and
total genome size of 1.9 Mb (Dataset S1, Table S3). Procedures used for
genome annotation are described in S/ Methods.

Other Methods. Details of the experimental and computational approaches
used for gPCR, co-occurrence, comparative genomic, HGT (Fig. S7), and micro-
bial RNA-Seq analyses, plus how M. smithii RNA-Seq datasets compare with
custom M. smithii GeneChip datasets, are provided in S/ Methods and Figs. S8
and S9. Analyses of familial concordance or correlation for methanogen car-
riage or levels, and of their associations with overweight/obesity, were con-
ducted by using logistic or linear regression, a robust variance estimator to
adjust for the nonindependence of observations on family members.
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